As a leading cause of neonatal morbidity and mortality, neonatal sepsis remains a significant global health challenge. Despite recent advances in the management of neonatal sepsis, including use of more potent antibiotics, timely identification continues to be a frequent and challenging problem in the management of the newborn or high-risk neonate in the neonatal intensive care unit. Lack of specific early objective diagnostic evaluations or specific signs and symptoms, especially in the preterm infant, impedes early identification. However, emerging technologies linked with enhanced understanding of the immature and developing neonatal immune system responses to early infection provide an opportunity to develop critically needed biomarkers to improve early identification in this high-risk population. This review will focus on the field of neonatal sepsis biomarker development, identifying current promising biomarkers that have been investigated and widely utilized, as well as provide insight into recent advances and the rapidly evolving technologies that are being exploited in biomarker development to improve diagnosis, treatment, and prognosis in neonatal sepsis.
Introduction
Neonatal sepsis can be devastating, leading to high morbidity and mortality in newborns, and is recognized as a global health challenge. 1, 2 The definition of early-onset sepsis is variable from #3 days (American Academy of Pediatrics definition) to #7 days (Centers for Disease Control definition based on epidemiology studies). 3, 4 The overall incidence of early-onset neonatal sepsis, occurring at #3 days of life, in North America is 0.76-0.77 cases per 1,000 live births, with a mortality rate of 24.4%. 5 Globally more than a million newborns die in Third World countries each year from infections, with a risk of neurodevelopmental impairment seen in survivors. [6] [7] [8] [9] Those infants requiring intensive care in neonatal intensive care units (NICUs) have increased susceptibility to late-onset sepsis, occurring at .3 days of life, especially premature very low birth weight infants, in whom rates approach 36%. 10 Despite recent advances in the management of neonatal sepsis, including use of more potent antibiotics and an array of sophisticated biomarkers to diagnose sepsis, timely identification continues to be a frequent and challenging problem in the management of the newborn or high-risk neonate in the NICU. [11] [12] [13] The complex interaction between the functionally immature immune system of the newborn and the developing premature neonate linked with a wide spectrum of potential infecting organisms, ranging from hospital-acquired infections to those acquired from the mother transplacentally or during the birth process, contributes significantly to the limited diagnostic capabilities and adverse outcomes in this cohort population. 14 Without early objective and specific diagnostic predictors that remain abnormal for a significant time to allow detection of neonatal sepsis, delay in therapy increases mortality and morbidity risk. 15 Factors that delay diagnosis and initiation of therapy include lack of specific clinical features, as the infant often presents with subtle and nonspecific clinical signs and symptoms. 16 Despite the low incidence of cultureproven neonatal sepsis, at approximately two per 1,000 live births, 17 because of diagnostic testing limitations a significant number of neonates (up to 7%-13%) are routinely evaluated and treated for possible neonatal sepsis. Typical diagnostic parameters depend on conventional laboratory tests that are routinely serum based, such as white blood count (WBC), absolute neutrophil count (ANC), immature/total neutrophil (I/T) ratio, and variably obtained C-reactive protein (CRP) 18, 19 However, these conventional sepsis evaluation parameters have low sensitivity and are nonspecific, often demonstrating increased level response to various other neonatal conditions such as meconium aspiration, prolonged rupture of membranes, asphyxia, and the birth process. 6, 8, 17, [20] [21] [22] Indeed, recent information has suggested that the diagnostic accuracy of WBC, ANC, and I/T parameters may better predict sepsis using age-specific ratio normograms rather than fixed normal ranges. 23 The definitive conventional diagnosis of sepsis rests upon isolation of pathogenic bacteria in blood cultures, which has low sensitivity and lacks timeliness to influence initiation of antibiotic therapy. 24 Further diagnostic limitations of the blood culture method include a higher incidence of false negative results, due to low blood volume drawn for culture and antenatal antibiotic use that may influence subsequent bacterial growth. 17 As a result, early antibiotic therapy is frequently initiated for presumed infection or delayed due to uncertainty increasing disease risk.
Thus, early, accurate, and rapid diagnosis of neonatal sepsis remains a major diagnostic challenge in neonatology, revealing the need for reliable and timely diagnostic biomarkers to enable clinicians to efficiently diagnose sepsis risk during the early phases of sepsis, provide effective antibiotic management tailored to causative organisms, and provide a useful guide for therapy during recovery. The objective of this review is to provide a review of biomarker developments for diagnosis and treatment of neonatal sepsis.
Methods
The studies used to evaluate biomarkers of neonatal sepsis were determined through a computer-based literature search in PubMed, the Cochrane Library, and Google. Initial search terms used in the retrieval of studies included "sepsis," "neonatal," "biomarkers," "infant," "omic," and combinations of these terms. A specific further detailed literature search was used to identify and retrieve individual biomarker references as well as identify evolving novel techniques.
Biomarkers of sepsis
The properties of an ideal diagnostic biomarker include excellence in sensitivity and negative predicative value as well as excellent specificity and positive predictive value. Biomarker levels should change early in the disease course and remain altered for a period of time, to give an opportunity for clinicians to measure these biomarkers to optimize clinical management, monitor disease progress, and guide antimicrobial treatment. 20 Discrimination between etiologies of sepsis such as viral, bacterial, or fungal etiology would be a valuable characteristic to assist clinicians in timely directed antibiotic therapy or antibiotic stewardship to avoid excess antibiotic use. Biomarkers should also assist in prediction of disease severity at the onset of infection and predict later prognosis with therapy. Ideally, measured biomarkers should be stable compounds that can be quantified with an easy method of measurement and have a quick turnaround time with low cost, so as to be used effectively as a routine measurement. Characteristics of an ideal biomarker are summarized in Table 1 .
The long-established, widely used diagnostic practice for neonatal sepsis evaluation is the white cell analysis in the hematological counts, including the total WBC, ANC, and I/T 
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Biomarkers for neonatal sepsis ratio. Neutropenia is more predictive of sepsis than neutrophilia, which may be reflective of neonatal stress during birth, neonatal asphyxia, and also maternal hypertension. 25 The use of the immature neutrophil count and I/T ratio continue to be useful in discriminating between host sepsis probability and are valuable screens, especially in the preterm infant. [26] [27] [28] [29] [30] Furthermore, the presence of thrombocytopenia can provide an alert for illness severity. 26 The addition of other biomarkers, such as CRP, may further enhance predictability of sepsis and assist in therapeutic management for the neonate. 26 Though valuable, these hematologic tests do not provide absolute specific or sensitive diagnostic accuracy to assist in the decision to initiate treatment, particularly in the early phase of early-onset sepsis. As a result, promising biomarkers that target components of the complex early inflammatory response cascade provide the prospect to target early immune host response in the developmental stages of sepsis.
In the neonate, immune function is suboptimal and gestational age dependent, which contributes to a newborn's enhanced susceptibility to infection and increased risk of morbidity and mortality from sepsis. [31] [32] [33] [34] Although the distinct neonatal innate immune system remains incompletely understood, dramatic progress in molecular characterization of this complex, intricate immune system has been delineated over the past decade, paving the way for the development, identification, and use of a variety of biomarkers with the potential to assist clinicians in the diagnosis of sepsis. [35] [36] [37] [38] [39] [40] Recent progressive advancement in biochemical and genetic research has led to the development of more sophisticated classes of biomarkers such as cytokines, 41 chemokines, 42, 43 cell surface markers, 44, 45 and acute phase reactants. Additional sepsis biomarker candidates using genomics, proteomics, nucleic acid-based molecular techniques, and metabolomics are currently being evaluated, with the potential to revolutionize the diagnostic approach to neonatal sepsis and its management.
Common biomarkers used in neonatal sepsis
C-reactive protein
Among the acute phase reactants, CRP, produced in the liver, is a frequently used laboratory test for the diagnosis of neonatal sepsis. 41, [45] [46] [47] [48] [49] [50] [51] This biomarker has a half-life of 24-48 hours. Importantly, CRP takes 10-12 hours to respond after an infection, making it an unreliable marker of the initial stages of an acute infection. 52 Given its response rate, serial CRP levels in combination with the absolute and complete WBC and I/T ratio has been widely used as a negative predictor of sepsis 24-48 hours after the onset of symptoms. 53 Utilized in this manner, CRP can be a reliable late marker for sepsis with changing patterns or continuous decreased levels useful to monitor progress or guide clinicians in decisions related to duration of antibiotic treatment. [54] [55] [56] In neonates, CRP has a higher sensitivity and specificity as a diagnostic marker of late onset sepsis than the neutrophil count and I/T ratio. A variety of noninfectious neonatal conditions such as meconium aspiration syndrome, delayed transition after birth, hemolysis, tissue injury, or surgery can also increase CRP reference values, including premature infant exposure to glucocorticoids, making it a nonspecific biomarker and presently an unreliable test to diagnose infectious risk during the early phase of a presumed neonatal infection. 41, 47, 49 Procalcitonin Procalcitonin (PCT) is the peptide prohormone of calcitonin and an acute phase reactant, independent of calcitonin levels, that is associated with the immunomodulation and vascular response associated with systemic inflammatory response syndrome (SIRS). Produced by monocytes and hepatocytes, concentrations of PCT increase early within 2-4 hours, after an exposure to a bacterial pathogen during the acute stage of sepsis. Levels peak at 6-8 hours and remain elevated for the next 24 hours, with a half-life of 24-30 hours. 57 Uniquely, PCT responses and its concentrations do not appear to be affected by the gestational age at birth. However, there is a continuous change in the reference interval during the first 48 hours after birth. Additionally, identifying antibiotics identify total PCT, which includes PCT-1 and the major circulating form PCT-3. 17 The discriminating responses of these PCT forms during development and with gestational age maturity may improve the specificity in early sepsis diagnosis. 17 The early acute phase response kinetics of PCT makes it an appealing predictive biomarker for early diagnosis of neonatal sepsis as compared to the usefulness of CRP. 57, 58 Indeed, the diagnostic utility of PCT in early-onset infection has a sensitivity of 92%, specificity of 97%, positive predictive value of 94%, and negative predictive value of 96%. 59 The response of PCT to early infection is more rapid than that of serum CRP levels, making it more useful for the clinicians in the diagnostic workup of a neonate. Furthermore, serum concentrations of PCT remain high when compared to other biomarkers such as tumor necrosis factor alpha (TNFα) and interleukin (IL)-6, making it more useful in predicting the severity of infection and outcomes response to treatment. 59 
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Mally et al is limited by its nonspecific elevations in healthy neonates over the first 48 hours of life. Furthermore, it can be falsely elevated in other noninfective conditions such as intracranial hemorrhage, birth asphyxia, and conditions associated with neonatal hypoxemia. [61] [62] [63] [64] Used in conjunction with CRP, a positive PCT level ($2.5 ng/mL) increased the diagnosis of bacterial infection from 39% to 92%, while a negative CRP level (,40 mg/L) added diagnostic value through its negative predictive value, providing an avenue to guide antibiotic therapy or predict clinical disease course. 65, 66 Additional studies aimed at understanding species variability are needed to enhance the usefulness of PCT in diagnosis and prognosis of neonatal sepsis.
Developing biomarkers
Acute phase proteins and other proteins Serum amyloid A Serum amyloid A (SAA) is an apolipoprotein produced in the liver and an early acute phase reactant that has been studied, though not extensively, in neonates. SAA is derived from a variety of other tissues such as endothelial cells, monocytes, and smooth muscle cells and regulated by cytokines IL1 and IL6 as well as TNFα. 67 Serum levels of SAA have a wide range, which increase with age from birth to adolescence; SAA is released as a response to infection and injury. 68, 69 SAA levels may be affected by hepatic function and host nutritional status, which may limit usefulness in late neonatal sepsis where hepatic dysfunction and nutritional status may be decreased. 70 The des-arginine variant of SAA holds promise as a marker of acute and chronic inflammation. 71 SAA is a reliable screening marker throughout the first 24 hours after the onset of infection, when compared to other biomarkers such as CRP and IL-6 with sensitivities that are suboptimal at different stages of an infection. In a study of 104 full-term infants ,72 hours of age, levels of SAA at 0, 24, and 48 hours rose earlier than CRP levels with better diagnostic accuracy for predicting early-onset sepsis, including a sensitivity of 96% versus 30%, similar specificity, and greater positive predictive value (85% versus 78%), making SAA a superior marker of infection. 72 Furthermore, serum levels of SAA show greater accuracy in the early suspicion of sepsis and are inversely associated with neonatal mortality and infection, enhancing their reliability and potential to prognosticate mortality in the early phase of an acute infection. 73 Finally, the ability for this biomarker to be readily incorporated in clinical diagnostic evaluations increases its value as a potential biomarker. 70 
Lipopolysaccharide-binding protein
Lipopolysaccharide-binding protein (LPB), primarily produced by hepatocytes but also by epithelial and muscle cells, is a soluble pattern-recognition molecule important for interaction with endotoxin of gram-negative bacterial infections. LPB recognizes microbial-associated molecular patterns of bacteria to transport endotoxin to CD14 immune effector cells in response to infections. 74, 75 Binding to the lipopolysaccharide component of the bacteria, LPB forms a complex linked to the host macrophage to initiate a response to an acute infection. 61 Levels of LPB peak early, within 6-8 hours, after an acute infection. As a result, LPB has a higher sensitivity and negative predictive value as a diagnostic test in early-onset sepsis when compared to other reactants such as CRP and PCT. Additionally, serum LBP levels are available using standardized analytical methods of clinical practice (Immulite, Siemens Healthcare) and have less physiological fluctuations during the first 48 hours of a newborn's life. The test is less influenced by other obstetrical events when compared to other acute phase reactants, thus enhancing its applicability as a superior diagnostic marker of sepsis. 14, 76 Although LPB has promising potential, further research is required for neonatal sepsis evaluation before LBP can be used widely by the clinicians.
Apart from the acute-phase reactants that have been previously discussed, several other reactants show potential and have been studied as biomarkers of sepsis but are not routinely used by clinicians primarily because of low yield in diagnosing acute neonatal infection and low clinical availability compared to other sophisticated markers that possess better individual sensitivity and specificity in diagnosing infection. Some of these biomarkers that may prove to be valuable in combination with other sepsis markers are α-1 antitrypsin, fibronectin, haptoglobulin, lactoferrin, and neopterin. 46, [77] [78] [79] 
Cytokines and chemokines
Chemokines are cytokines that have an ability to direct white cell migration. All cytokines are cellular signaling proteins that play a crucial role in modulating the host immunological response to infection. 13, 80, 81 The development of a host immune response to a pathogen is dependent on host pathogen identification or host tissue damage identification. This identification allows the host to generate "danger" signals that are captured by pattern recognition receptors such as toll-like receptors (TLR), nucleotide-binding oligomerization domain-like receptors, and retinoic-acid-inducible protein 1-like receptors, present on the cell surface, to convey specificity in the innate immune response. 82, 83 As part of an intricate system of innate host immunity, activation of TLR's by invading pathogens results in production of cytokines, chemokines, and coagulation proteins as well as complement; necessary to combat infections. Leukocyte immune regulation and trafficking into areas of tissue infection and injury is primarily controlled by chemokines and cytokines, which are broadly divided into the subsets of pro-inflammatory (Th1-type, stimulatory), anti-inflammatory (Th2-type, inhibitory) or multifunction depending on the final balance of their effects on the immune system (see Table 2 for cytokine classification). As functionally classified, proinflammatory cytokines include cytokines such as interferon-gamma, TNFα, inducible protein -10 (IP-10), and IL-2, IL-6, IL-8, IL-12, and IL-17. Multiple function inflammatory cytokines include cytokines such as IL-1β, monocyte chemoattractant protein (MCP-1), and soluble CD40 ligand (sCD40L) and growth factors, IL-3, granulocyte-colony stimulating factors and their secondary mediators, nitric oxide, thromboxanes, leukotrienes, platelet-activating factor, prostaglandins, and complements. These multiple function secondary mediators cause activation of the coagulation cascade, the complement cascade, as well as participate in the production of prostaglandins, leukotrienes, proteases, and oxidants. As a result of these highly regulated factors, most adverse effects of sepsis such as SIRS, disseminated intravascular coagulation (DIC), septic shock, multiple organ dysfunction syndrome, and complement activated response syndrome are associated with an imbalance in the production of proinflammatory mediators [84] [85] [86] [87] as well as the counterbalance synthesis of anti-inflammatory cytokines. Anti-inflammatory cytokines include IL-4, IL-10, tumor necrosis factor soluble receptor, IL-1 receptor alpha, and transforming growth factor beta 2 (TGF-β2). Thus, the evolution of disease and clinical symptoms during neonatal sepsis is dependent upon a complex and delicate balance between the pro-inflammatory, anti-inflammatory, and multiple function cytokines based on their final effect on the immune system.
iL-6
Among the group of pro-inflammatory cytokines, IL-6 has been widely investigated for its potential use as a biomarker of early neonatal sepsis. 63, [88] [89] [90] [91] [92] During the acute phase of an infection, B and T lymphocytes are stimulated to produce IL-6 cytokine, which in turn induces hepatocyte production of acute phase reactants such as CRP. 93, 94 As an early phase biomarker, IL-6 has superior sensitivity (90%) compared to CRP, with a negative predictive value of 91%. 14, 15, 44 The limitations of using IL-6 solely as an early biomarker of neonatal sepsis is its very short half-life, with circulating concentrations that decrease precipitously following initiation of antimicrobial treatment to undetectable levels after 24 hours of life. This narrow window of opportunity has led to the use of IL-6 in conjunction with other biomarkers to improve its diagnostic usefulness in neonatal sepsis. 95, 96 The combined use of IL-6 with TNFα appears to convey greater sensitivity in diagnosing early infection than using either of these biomarkers alone. Indeed, combinations of IL-6, TNFα, and CRP led to sensitivities and negative predictive values that increased close to 90% in diagnosing early-onset neonatal infection. 92 iL-8 IL-8, the only interleukin that belongs to the chemokine family, is a frequently studied pro-inflammatory cytokine for use as a marker of neonatal sepsis, with a sensitivity of 90% and specificity between 75%-100%. IL-8 regulates leukocyte migration and activation and has been extensively investigated in neonatal infection. [97] [98] [99] [100] Serum concentrations of IL-8 rise within 2-4 hours of an infection, and rapidly decline by 4 hours, making it useful as an early marker of infection, with greater sensitivity than CRP. 90 Ng demonstrated that the use of IL-8 in conjunction with CRP as a biomarker of sepsis enhanced its diagnostic utility and reduced the use of antibiotics for presumed infection in neonates. 11 Thus combining early and later cytokines may be a fruitful area of exploration in the early diagnosis of neonatal sepsis.
Anti-inflammatory cytokines
The inflammatory process is highly regulated by anti-inflammatory mediators such as IL-10 and TGF-β. Immunologically, these cytokines prevent an exaggerated pro-inflammatory response in reaction to pathogen invasion. 101 In the premature infant, the ability to mount an aggressive anti-inflammatory response is limited, leading to 
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Mally et al increased susceptibility to target organ injury with excessive SIRS. Thus, in this population, serum values of antiinflammatory cytokines have been recently studied to explore their ability to prognosticate improvement and survival. 102, 103 In the infant, an elevated anti-inflammatory (IL-10) to proinflammatory (TNFα) ratio is associated with severe late onset sepsis, similar to adult responses where elevated ratios were associated with greater morbidity. 45, 102 Implementation of anti-and pro-inflammatory ratio analysis emphasizes the importance of host immune balance in disease development and progression, providing an avenue to guide therapy in the prediction of later morbidity and mortality.
Other chemokines
Given their role in leukocyte migration, other chemokines investigated as markers of early neonatal infection are IP-10, monokine induced by interferon-gamma, regulated on activation, normal T cell expressed and secreted (RANTES), and MCP-1. 43 Their use in combination with other inflammatory markers demonstrate better diagnostic utility in determining infection risk. Although further studies are needed to validate use in routine clinical practice, the combined measurements of IL-6, IL-10, and RANTES at the onset of infection potentially predicts greater morbidity in sepsis associated with DIC, suggesting that this methodology of targeting early inflammatory processes that include regulation of leukocyte activation holds promise as a diagnostic aid for clinicians in the future. 42 
Cell-surface antigens
Circulating inflammatory cells such as neutrophils, lymphocytes, monocytes, and natural killer cells express cell surface antigens, after activation by microbial products, that can be detected by flow cytometric technology. 21 Several cell surface antigens such as CD11b, CD 14, CD64, CD32, CD16, CD69, and sCD163 have been identified to be promising in the detection of congenital sepsis, as well as early and late onset neonatal sepsis. 45, 93, 104 Of this group, the most promising is neutrophil CD64. 45, 105 CD64 is a high affinity Fc receptor for immunoglobulin G that increases expression in response to infection. 20, 106 CD64 is a sensitive biomarker for diagnosing early-onset sepsis and intra-abdominal infections and is activated even before a rise in CRP levels is detected. CD64 has been shown to have a sensitivity of 80% and a negative predictive value of 89% in diagnosing early-onset sepsis and 24 hours after the infection, when both values rose to the high 90s. 45, 104 CD64 in combination with IL-6 or CRP had demonstrated a sensitivity and a negative predictive value close to 100% in diagnosing early-onset sepsis. 47 Similar to CD64, CD11b up regulation represents an early-onset response to neonatal infection. CD11b differs from CD64 in that expression is variable, fluctuating frequently, and its expression is influenced by noninfectious conditions such as respiratory distress syndrome, making it a less reliable biomarker for early infection. 80, 81 CD14, a surface antigen present on inflammatory response cell surface membranes, appears to be involved in bacterial endotoxin signaling. 107 The soluble fraction soluble CD14 subtype, sCD14-ST, or presepsin, is specifically developed in sepsis. Comparative studies with CRP, PCT, and IL6 using enzyme-linked immunoassay demonstrated that sCD14-ST had greater sepsis diagnostic sensitivity. Thus, this new biomarker may be a useful addition in early sepsis evaluation and awaits further testing. 107 Soluble CD163 is a glycoprotein receptor that functions in the clearance of circulating free hemoglobin important in decreasing the effects of hemolysismediated oxidative damage. 108 In its immune function, sCD 163 is a macrophage cell surface glycoprotein receptor with the potential to bind gram-negative and gram-positive bacteria and promote proinflammatory cytokines TNFα, IL-1β, IL-6, 
163
Biomarkers for neonatal sepsis and IL-10. 109 Recent studies have identified a valuable role for sCD163 in early-onset bacterial sepsis diagnosis where use of sCD163 improved differentiation between the noninfected and infected neonates before antibiotic initiation. 110 There is tremendous potential in identification and use of surface antigen markers (Table 3 ). This technology, though not widely available for the routine diagnostic workup for neonatal sepsis, may be valuable in the future given the advantages of rapid presence during host response to sepsis, small blood sampling volumes, prompt turnover time, and wide time frame for blood sampling.
Other biomarkers of interest
Other recent biomarkers of interest that are being explored include pentraxin 3 (PTX3), angiopoietins, suPAR, and soluble triggering receptor expressed on myeloid cells-1 (sTREM-1), and deserve mention here. PTX is an acute phase glycoprotein in the family of CRP and shares 98% homology with tumor necrosis factor. Synthesis occurs in endothelial and inflammatory cells in response to endotoxin and cytokines. High levels of PTX3 have been identified as a valid prognostic indicator in pediatric meningococcal shock, and usefulness is being explored in the neonatal population. 111 Angiopoietins (Ang)-1 and Ang-2 are antagonistic endothelial cell growth factors widely studied in proliferative diseases such as retinopathy. 112 Both angiopoietins are important in vascular permeability and function, with Ang-2 associated with greater vascular permeability such as host responses to TNFα and IL-6. Lower Ang-1 and higher Ang-2 concentrations predict poor prognostic outcome in children with sepsis, with low levels of Ang-1 predicting high mortality. Thus, Ang-1 and Ang-2 may be useful biomarkers for response to therapy in the neonate with sepsis. 113 The soluble form of the urokinase-type plasminogen activator receptor, suPAR, is expressed on immune and endothelial cells. Existing in three forms with little concentration variability, suPAR has a variety of immune regulatory roles. 114 Used in the early diagnosis of neonatal sepsis, suPAR levels correlated well with CRP levels in infected infants with greater levels in septic infants at admission. Post recovery, suPAR decreased but remained greater than in control infants, suggesting a biomarker role in infection diagnosis but less reliable for antibiotic stewardship or host response to therapy. 115 Soluble triggering receptor is a newly explored biomarker of the immunoglobulin family expressed by phagocytes (sTREM-1). 116 Involved in the innate inflammatory response and sepsis, sTREM-1 may be useful as a biomarker of early sepsis and sepsis severity. sTREM appears to correlate with infant white cell counts and ratios. At concentration limits of 310 pg/mL, sensitivity and specificity reached 100%, suggesting a role in early diagnosis of neonatal sepsis. 117
Technical frontiers in diagnosing neonatal sepsis
Several novel approaches and techniques that have cuttingedge potential to provide rapid and specific identification of pathogens have generated a great deal of interest amongst researchers and clinicians interested in neonatal sepsis diagnosis. These include combinations of biomarkers studied by proteomics-based research and identification of sepsis based on gene expression profiling.
Molecular technology
A major disadvantage of using the conventional gold standard method of blood culture in diagnosing infection is the prolonged periods of time needed for incubation and identification of isolates, the false negative results that are obtained when pretreated with antibiotics, and the technical difficulties in obtaining adequate sample volumes. Thus, the application of molecular techniques and biomarker panels may have the opportunity to avoid these problems to rapidly predict sepsis. Emerging molecular techniques using multiplex platforms that can measure multiple markers such as protein, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) using technologies such as fluorescence in situ hybridization (FISH), quantitative polymerase chain reaction (qPCR), 16 S rRNA, and miRNA detection can revolutionize the diagnostic approach to neonatal sepsis. 84 qPCR is a rapid test that can be used to detect bacterial DNA in body fluids of the host suspected of having an infection. FISH can significantly reduce the time required to identify organisms isolated in culture. The use of the probe-based specific qPCR can reduce diagnostic time, help in identifying bacterial species, and improve specificity and positive predictive value. 84 Molecular technology also provides opportunities to further understanding of underlying pathological events that can be useful in development of new diagnostic approaches, algorithms, or score systems. Limitations of this technology for rapid bacterial detection are the lack of availability of all existing genetic sequences for microbiota, many of which are undiscovered. Additionally, resistant cell wall structures of certain bacteria limit the digestion, DNA extraction, and analysis, requiring further technological refinement before this application is widely used in the neonatal population. 84 Research and Reports in Neonatology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 08-Dec-2018 For personal use only.
Use of other body fluids in diagnosis of neonatal sepsis
Given their noninvasive collection and ease of accessibility, development of biomarkers for neonatal sepsis has recently focused on the use of saliva and urine as surrogates for early infection detection or infection risk. Saliva is an abundant body fluid that is readily accessible for use in the analysis of systemic illness in the critically ill infant. Recent technological advances in the "omics" described below provide the opportunity to evaluate salivary potential as a tool in the analysis of neonatal sepsis. 118, 119 Current applications have demonstrated that saliva can be used for assessment of the microbiome response to environmental exposures, and also as a tool to study cytokine changes in disease risk states, providing an avenue open to exploration in early diagnosis of neonatal sepsis risk in the future. 120, 121 Urine is an additional body fluid that is readily accessible and noninvasively collected to be used as a marker for infection analysis. Development and use of biomarker panels in biofluid analysis hold the potential to provide early detection of infection risk that may be valuable in clinical decision-making. Recently, urinary cytokines IL8, IP10, and MCP-1 have been shown to be elevated during early presumed infection in a cohort of healthy and at-risk term infants, identifying a role for urine as a potential biomarker in infant early infection. 122 These and other findings suggest that other body fluids may hold promise as clinical adjuncts to understand the infant's physiological responses to neonatal sepsis and assist in the development of potential biomarkers of neonatal sepsis early diagnosis or effective treatment management. 122 "Omics" technology: genomics, proteomics, metabolomics Recent advances in "omics" research present new opportunities to complement current traditional approaches with rapidly available information related to expression of a large number of proteins or functioning metabolites that are characteristic for neonatal sepsis. This frontier is an exciting focus for researchers, who study neonatal sepsis and provide avenues to integrate systems biology or "omics" technology into clinical care. From a practical standpoint for neonatal sepsis, these available technologies provide the capability to unify multiple levels of information (genomic, proteomic, and metabolomics) to form a more complete understanding of the sepsis condition. 123 Genomics technology has the potential to identify genes that demonstrate altered regulation during infection. As the circulating concentrations of inflammatory markers such as the cytokines, chemokines, and acute phase reactants may not fully represent the complete host response to an infection, these technologies push researchers to focus on chemokine mRNA expression and its relation to infection and other stressors such as birth asphyxia. 11, 85 Recent reports demonstrate an association of elevated IL-8 mRNA expression in neonates exposed to perinatal infection compared to mRNA expression of IL-8 and MCP-1 expression changes in neonates with perinatal asphyxia. 85 Proteomic and metabolomics profiling technologies provide insight into the functional expression of proteins or metabolites present in a biological sample. The aim of proteomics is to obtain insight into the functional expression of proteins during neonatal sepsis, to identify different pattern of protein expression in different individuals with and without diseases, and to discover host response biomarkers that will be useful in the diagnostic process of an acute infection. Proteomic processing high throughput technology involves separation of proteins based on intrinsic properties such as molecular weight, isoelectric point, or affinity to metals or antibodies. This information offers a new approach to identify protein signatures and functionally expressed metabolites occurring during specific disease states. Metabolomics technology, using spectrometric techniques such as nuclear magnetic resonance and mass spectrometry, provides a window to gene and environmental (eg, neonatal sepsis) interactions using a variety of samples (blood, urine, or tissue). 124, 125 Metabolites by nature are dynamic and functional as they have specific connections and patterns for the host that are identified during clinical sepsis and can be expressed rapidly, varying within seconds. Thus metabolites provide valuable information related to host response during the course of sepsis. "Omics" technology offer expanded understanding of host physiology. Current limitations of these technologies are adequate "disease exposed" samples and appropriate controls and skilled analysis of the complex generated datasets. For some "omics," such as metabolomics, the analysis is time consuming in their current form and not useful for early decisions to initiate sepsis therapy. Nevertheless, "omics" technologies is an investigational area that holds unique opportunities to simultaneously identify and translate pathologic infection-host influences into future diagnostic biomarker developments to target early identification of neonatal sepsis in the future. 126 
Conclusion
The conventional hematological and microbiological techniques that are routinely used to diagnose neonatal sepsis remain unreliable in the face of an associated high mortality and serious morbidity. The search for an ideal biomarker or Research and Reports in Neonatology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 08-Dec-2018 For personal use only.
biomarkers that provide early, specific, and reliable identification of the neonate at risk for infection has been enhanced by the potential use of unique technological developments and evolving understanding of current biomarker strengths and limitations. Advanced understanding of the neonatal immune system capabilities in response to infection risk has further led to identification of several promising potential biomarkers that may translate to improved diagnosis, treatment, and prognosis of neonatal sepsis in the future. Despite many promising candidate biomarkers, to date no single biomarker, combination of biomarkers, or score system can exclusively be considered in the accurate diagnosis of early neonatal sepsis. Only CRP and PCT have undergone sufficient studies and continue to be studied with serial measurements. Combined with other biomarkers or scoring systems, these biomarkers may offer improved diagnostic and treatment sensitivity. For instance, persistently normal CRP levels have a strong negative predictive value, which can add value when linked with other markers. Future studies are needed to outline PCT responses and PCT species changes during infant development as well as create gestational age reference intervals to assist clinicians in understanding the usefulness of PCT for early neonatal sepsis diagnosis. Several biomarkers are nonspecific, impacted by host environmental exposures, host changing developmental profiles, or by clinical therapies or conditions. Our knowledge of the pathophysiology of neonatal sepsis is expanding, and exploratory research using available molecular microbial techniques as well as the use of "omics" technological capabilities to identify disease profiles has great potential to advance diagnostic capabilities in the future. The clinician remains challenged in the need for optimal biomarker evidence from randomized control trials, which are extremely limited in this critical population. The unique advantages of metabolomics technology are that this technique offers a dynamic view of host functional responses during health and disease to offer early and rapid identification of sepsis. 124, 125 These advances should provide the diagnostic accuracy needed for early identification and assist clinicians in understanding neonatal host immune responses to appropriately guide antibiotic and other therapies in the care of the infant who presents with neonatal sepsis.
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